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The evolution of the electronic state through the reduction annealing has been investigated in electron-
doped Pr1.3−xLa0.7CexCuO4+δ (x = 0.10) single crystals with the so-called T’ structure. From the ab plane
and c axis electrical resistivity measurements in magnetic fields, it has been found that, through the re-
duction annealing, the strongly localized state of carriers accompanied by the antiferromagnetic (AF)
pseudogap in the as-grown crystal changes to a metallic state bringing about the Kondo effect without AF
pseudogap and to a superconducting state. These results are able to be understood in terms of a model
based on the strong electron correlation. The complete removal of excess oxygen in the T’-cuprates is ex-
pected to result in the appearance of superconductivity in a wide range of the Ce concentration including
the parent compound of x = 0.
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For the aim to elucidate the mechanism of superconductiv-
ity in the high-Tc cuprates, there have been intensive studies
to establish the phase diagram. On the phase diagram of the
electron-doped cuprate Nd2−xCexCuO4 (NCCO) with the so-
called T’ structure, an antiferromagnetic (AF) order is formed
in the underdoped regime of x < 0.14.1) It is well known
that as-grown crystals with the T’ structure tend to contain
excess oxygen. The excess oxygen is understood to induce
disorder of the electrostatic potential in the CuO2 plane, lead-
ing to breaking of the Cooper pairs.2) Therefore, the removal
of the excess oxygen through the reduction annealing is in-
dispensable to the appearance of superconductivity and also
to the access of the intrinsic properties of the electron-doped
cuprates. On the other hand, recent neutron-scattering and x-
ray diffraction studies have suggested that the reduction an-
nealing brings about filling up Cu deficiencies in the as-grown
crystals where the Cu deficiencies are regarded as causing the
pair-breaking.3)
Recently, Matsumoto et al. have reported a surprising re-
sult that properly reduced thin films of NCCO show super-
conductivity in a wide range of x even at x = 0.4) Formerly,
Brinkmann et al. have observed superconductivity even in the
underdoped regime of x ≥ 0.04 in Pr2−xCexCuO4 (PCCO)
through the improved reduction annealing.5) Obviously, these
observations of superconductivity in the extremely under-
doped regime are unable to be explained in terms of carrier
doping into a parent compound of a Mott insulator as in the
case of the hole-doped cuprates, being in sharp contrast to the
common understanding of the well-known phase diagram of
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the electron-doped cuprates.
From the theoretical viewpoint, the superconductivity in
the parent compounds of the electron-doped cuprates might
be explained by the early local density energy band study in
NCCO6) or by the recent half-filled-band Hubbard model con-
sisting of doublons and holons.7) These are based on the con-
cept of a band metal without Mott-Hubbard gap due to the
strong electron correlation. On the other hand, Weber et al.
have suggested from a calculation using the local-density ap-
proximation combined with the dynamical mean-field theory
that, being contrary to the parent Mott insulators of the hole-
doped T-cuprates, the parent compounds of the T’-cuprates
are Slater insulators in which the insulating behavior is the
result of the presence of magnetic order, although both T- and
T’-cuprates are strongly correlated electron systems.8) That is,
both metallic and superconducting (SC) states are expected to
appear by eliminating the magnetic order in the parent com-
pounds of the T’-cuprates. Accordingly, a critical question is
whether or not the superconductivity in the parent compounds
of the electron-doped cuprates appears based on the strong
electron correlation.
Another fundamental question is about the origin of the AF
order in the well-known phase diagram. Since the reduction
annealing causes the destruction of the AF order and the ap-
pearance of superconductivity, it is speculated that the AF or-
der originates from the remaining excess oxygen in a crystal,
although the details have not yet been clarified. Onose et al.
have found that the c axis electrical resistivity ρc of NCCO
with x < 0.14 exhibits a broad hump in a temperature range
between 200 K and 400 K where the opening of pseudogap
has been observed from their optical-conductivity measure-
ments.9) Since the pseudogap has been observed in crystals
showing the AF order at low temperatures, they have pointed
out that the AF fluctuation induces the pseudogap at the Fermi
surface between (pi, 0)/(0, pi) and (pi/2, pi/2) in k space, result-
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Fig. 1. (Color online) Temperature dependence of the ab plane electrical
resistivity ρab in magnetic fields parallel to the c axis on field cooling for (a)
as-grown and (b) 750oC-reduced Pr1.3−xLa0.7CexCuO4+δ with x = 0.10.
The inset of (a) is a plot of log ρab vs. T−1/3 in zero field. The inset of (b) is
a magnified plot of ρab in magnetic fields above 11 T at low temperatures.
ing in the suppression of the increase in ρc with decreasing
temperature, namely, the broad hump. However, the relation-
ship between the broad hump of ρc and excess oxygen has
not yet been clarified. In the ab plane electrical resistivity
ρab measurements in magnetic fields for electron-doped non-
superconducting thin films of NCCO and PCCO undergoing
the reduction annealing, on the other hand, Sekitani et al. have
found log T -dependence of ρab and negative magnetoresis-
tance at low temperatures, suggesting the occurrence of the
Kondo effect due to free Cu spins adjacent to the slightly re-
maining excess oxygen.10) However, the relationship between
the excess oxygen, Kondo effect and pseudogap has been less
understood in the electron-doped cuprates.
In this Letter, we have investigated the change of the
electronic and magnetic states in the CuO2 plane through
the reduction annealing from ρab in magnetic fields and
ρc in zero field using electron-doped single crystals of
Pr1.3−xLa0.7CexCuO4+δ (PLCCO) with x = 0.10. It has been
found in the as-grown crystal that carriers are strongly local-
ized at low temperatures and the AF pseudogap is open. For
the moderately reduced crystal, on the other hand, ρab has
been found to exhibit the Kondo effect at low temperatures
and the AF pseudogap is closed. These results suggest that
the AF order is induced by the excess oxygen in the electron-
doped cuprates. We propose a novel band structure based on
the strong electron correlation well explaining the present re-
sults and discuss the evolution of the electronic and magnetic
states in the CuO2 plane through the reduction annealing.
Single crystals of PLCCO with x = 0.10 were grown by
the traveling-solvent floating-zone method in air.11–13) The
quality of the crystals was checked by x-ray back-Laue pho-
tography and x-ray diffraction to be good. The composition
of as-grown crystals was analyzed by the inductively cou-
pled plasma (ICP) analysis to be Pr1.17La0.73Ce0.10Cu1.00O4+δ
which is close to the nominal composition. As mentioned
above, Kang et al. have suggested that the effect of the re-
duction annealing is to fill up the Cu deficiencies in the as-
grown crystal and increase the conductivity.3) However, our
ICP result of the as-grown crystal proved the absence of Cu
deficiencies within an error. Moreover, the removal of excess
oxygen through the reduction annealing was confirmed by the
weight change in Pr1−xLaCexCuO4.12, 13) Scanning electron
microscope (SEM) also revealed that, in the reduced SC crys-
tal, neither Cu metals nor rare-earth oxides were observed.
Therefore, it is doubtful that the present results are explained
in terms of the Cu-deficiency model.
For the reduction annealing, we performed annealing in
vacuum of ∼ 10−6 torr for 24 hours at various temperatures.
In order to protect the surface of crystals during the annealing,
as-grown crystals were covered with polycrystalline powders
having the same composition. This is called protect anneal-
ing, which is an improved version of the technique used by
Brinkmann et al.5) Although the value of δ was not deter-
mined exactly, the decrease in the c axis lattice constant was
observed through the reduction annealing, suggesting the re-
moval of excess oxygen.
The ρab and ρc measurements were performed by the stan-
dard dc four-probe method. The ρab was measured in mag-
netic fields parallel to the c axis up to 17 T on field cooling.
The magnetic-susceptibility measurements were carried out
in a magnetic field of 5 Oe parallel to the c axis.
In Fig. 1, ρab vs. log T in various magnetic fields parallel to
the c axis is plotted for as-grown and 750oC-reduced crystals
of PLCCO with x = 0.10. In zero field, the as-grown crys-
tal exhibits semiconducting temperature dependence and no
trace of superconductivity. For the crystal reduced at 650oC
(not shown), on the other hand, ρab is semiconducting at high
temperatures, while a drop of ρab is observed below ∼ 7 K
due to the SC transition. For the crystal reduced at 750oC, ρab
shows a metallic behavior at high temperatures and an upturn
at low temperatures below ∼ 75 K, followed by the SC transi-
tion below 20 K. In fact, Meissner diamagnetism due to bulk
superconductivity was detected below ∼ 20 K for this crystal.
Formerly, Sun et al. have reported the transport properties of
PLCCO single crystals reduced through the annealing in Ar
that a crystal with x = 0.13 is SC while crystals with x ≤ 0.10
are non-SC.14) The present successful observation of bulk su-
perconductivity in PLCCO with x = 0.10 suggests that the
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Fig. 2. (Color online) Temperature dependence of the c axis electrical re-
sistivity ρc in zero field of Pr1.3−xLa0.7CexCuO4+δ with x = 0.10. The
data of the as-grown crystal and crystals reduced at 650oC and 750oC are
shown.
excess oxygen is effectively removed from the as-grown crys-
tal through the protect annealing.
The ρab of the as-grown crystal exhibits neither log T
dependence nor saturation at low temperatures. Instead, as
shown in the inset of Fig. 1(a), log ρab is proportional to T−1/3
at low temperatures, suggesting that carriers are strongly
localized and that two-dimensional variable-range-hopping
conduction is realized. Moreover, ρab below ∼ 40 K is sup-
pressed by the magnetic field, that is, negative magnetoresis-
tance is observed. For the 750oC-reduced crystal, on the other
hand, Tc decreases by the magnetic field and the supercon-
ductivity disappears above 11 T. It is found that ρab exhibits
log T dependence in a wide temperature range between 20 K
and 50 K and tends to be saturated at ∼ 2 K above 11 T. More-
over, negative magnetoresistance is observed at low tempera-
tures above 13 T, as shown in the inset of Fig. 1(b). These are
characteristic of the Kondo effect, suggesting that the strongly
localized state of carriers changes to a metallic state with the
Kondo effect through the reduction annealing in PLCCO with
x = 0.10.
Figure 2 shows the temperature dependence of ρc in zero
field for PLCCO with x = 0.10. For as-grown and 650oC-
reduced crystals, a hump is observed at ∼ 200 K, which is
similar to that observed in NCCO with x < 0.149) and PLCCO
with x = 0.01 and 0.0314) and due to the opening of AF
pseudogap. For the 750oC-reduced crystal, on the contrary,
a simple metallic behavior without hump is observed, which
resembles the behavior of ρc in SC NCCO with x = 0.15.9)
Therefore, it is inferred that the AF pseudogap disappears in
the SC crystal reduced at 750oC.
Following features were uncovered from the present results
of PLCCO with x = 0.10 and different δ values. For the non-
SC as-grown crystal, the pseudogap derived from the AF fluc-
tuation is open below ∼ 200 K and carriers are strongly local-
ized at low temperatures. The negative magnetoresistance ob-
served in the as-grown crystal might be explained taking into
account the Zeeman effect in the strongly localized state.15)
Through the reduction annealing, carriers are delocalized, the
Kondo effect takes place at low temperatures and Tc reaches∼
20 K for the moderately reduced crystal, while the pseudogap
disappears.
Here we propose novel electronic and magnetic states in
the electron-doped T’-cuprates based on the strong electron
correlation with the Mott-Hubbard gap, as schematically de-
picted in Fig. 3. In the fully reduced ideal state without ex-
cess oxygen, the square-planer coordination of Cu and O in
the T’ structure gives rise to the decrease in the Madelung
energy of the Cu3d orbitals compared with the octahedral co-
ordination in the T structure. As shown in Fig. 3(b), there-
fore, the energy of the upper Hubbard band (UHB) of the
Cu3dx2−y2 orbital becomes low enough to mix with the O2p
band. That is, the charge-transfer gap between UHB of the
Cu3dx2−y2 and the O2p band is collapsed, so that both hole
and electron carriers simultaneously emerge at the Fermi level
in the parent compounds of the T’-cuprates, carrying SC cur-
rent.16) Accordingly, it is speculated that the ideally reduced
state of PLCCO with x = 0.10 is a coexistent one of both an
electron-doped state of UHB of Cu3dx2−y2 and a hole-doped
one of the O2p band, as shown in Fig. 3(b). In the CuO2 plane
shown in Fig. 3(a), Cu3dx2−y2 spins of the lower Hubbard band
(LHB) are antiferromagnetically correlated with each other.
However, the AF long-range order is not formed because of
mobile hole and electron carriers disturbing the AF ordering.
In the case of excess oxygen residing adjacent to the CuO2
plane, two holes are produced in the CuO2 plane by one ex-
cess oxygen.17) The doped holes in the CuO2 plane tend to
be localized near the excess oxygen due to the disorder of the
electrostatic potential. Moreover, the holes are doped into the
Cu3d and O2p orbitals taking into account the strong electron
correlation. This is because the energy of the Cu3d orbitals is
raised by the excess oxygen, as shown in Fig. 3(d). The doped
hole in the Cu3d orbital resides not in LHB of Cu3dx2−y2 but
in UHB of Cu3d3z2−r2 in order to gain the energy of the Zhang-
Rice singlet of Cu3dx2−y2 (LHB) and O2p spins. This is rea-
sonable, because the splitting of Cu3dx2−y2 and Cu3d3z2−r2 in
energy is smaller than the Mott-Hubbard gap of ∼ 8 eV. Ac-
cordingly, Cu3d3z2−r2 (LHB) spins are probably induced at the
Cu-site adjacent to the excess oxygen. The induced Cu3d3z2−r2
(LHB) spins probably behave as free spins, as schematically
depicted in Fig. 3(c). On the other hand, both hole and elec-
tron carriers tend to be localized because of the disorder of
the electrostatic potential near the excess oxygen, resulting
in the recovery of the AF order of Cu3dx2−y2 (LHB) spins.
This is able to explain the increase in ρab due to the strong
localization and the hump of ρc due to the opening of the AF
pseudogap.
As for the moderately reduced case, the localization of car-
riers is weak, so that itinerant carriers tend to be scattered by
free Cu3d3z2−r2 (LHB) spins, bringing about the Kondo effect.
Moreover, the AF order is destroyed by itinerant carriers, re-
sulting in the disappearance of the AF pseudogap.
Here the consistency between the present model and for-
merly reported experimental results of the T’-cuprates is dis-
cussed. The Kondo effect in the underdoped thin films of T’-
cuprates observed by Sekitani et al.10) would appear due to
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Fig. 3. (Color online) Schematic drawings of electron and hole carriers
and Cu spins in the CuO2 plane in (a) fully reduced and (c) as-grown
Pr1.3−xLa0.7CexCuO4+δ with x = 0.10. (b) Band structure of a fully re-
duced crystal corresponding to (a). (d) Electronic structure of the CuO2
plane near the excess oxygen.
the incomplete removal of excess oxygen. In the SC thin film
of NCCO with x = 0.131, log T -dependent ρab has been ob-
served at low temperatures due to the Kondo effect,18) which
is probably corresponding to the log T -dependent ρab in the
present 750oC-reduced PLCCO with x = 0.10. On the other
hand, the pseudogap in NCCO with x < 0.14 observed by
Onose et al. would originate from the incomplete removal of
excess oxygen, because the AF order is formed at low tem-
peratures in their crystals showing the pseudogap.
The present model illustrated in Fig. 3 suggests the exis-
tence of dual carriers in the T’-cuprates. In fact, Hall coeffi-
cient of PCCO thin films have revealed that dominant carriers
change from electrons to holes through the Ce substitution, in-
dicating the presence of dual carriers near the Fermi level.19)
In order to justify the present model, measurements of the
Hall coefficient would be necessary.
Finally, it is noted that simple pictures of the band metal
without strong electron correlation6, 16) are also able to explain
the present results. In the fully reduced ideal state without ex-
cess oxygen, localized Cu spins are absent and itinerant elec-
trons bring about superconductivity in the CuO2 plane. On
the other hand, the introduction of excess oxygen gives rise to
free Cu spins in the CuO2 plane adjacent to the excess oxygen,
leading to the Kondo effect. Moreover, a lot of excess oxygen
makes electrons be localized, resulting in the generation of
localized Cu spins and the formation of the AF order. In order
to clarify whether the T’-cuprates are band metals or strongly
correlated electron systems, both muon-spin-relaxation mea-
surements to investigate the Cu-spin state and angle-resolved-
photoemission measurements to investigate the band structure
are under contemplation.
To be summarized, in electron-doped PLCCO single crys-
tals with x = 0.10, ρab has revealed that two-dimensional
variable-range-hopping conduction and negative magnetore-
sistance at low temperatures in the as-grown crystal changes
to the log T dependence and negative magnetoresistance in
moderately reduced SC crystals through the reduction anneal-
ing. Moreover, it has been found that a hump of ρc at ∼ 200
K observed in the as-grown crystal disappears in moderately
reduced SC crystals. Based on the model taking into account
the strong electron correlation, it has been concluded that, in
the case that a lot of excess oxygen is included, the strongly
localized state of carriers due to the disorder of the electro-
static potential leads to the formation of the AF order, while
in the case that a small amount of excess oxygen is included,
itinerant carriers destroy the AF order and the Kondo state due
to free Cu3d3z2−r2 (LHB) spins induced by excess oxygen is
realized. In the T’-cuprates, the appearance of superconduc-
tivity through the reduction annealing is probably triggered
by the destruction of the AF order owing to the increasing
itinerancy of carriers through the removal of excess oxygen.
Accordingly, the complete removal of excess oxygen in the
T’-cuprates would result in the appearance of superconduc-
tivity in a wide range of the Ce concentration including the
parent compound of x = 0.
Acknowledgment
Fruitful discussions with A. Fujimori, M. Ogata, H.
Tsuchiura and H. Yokoyama are gratefully acknowledged.
We would like to thank M. Fujita for giving us useful in-
formation on the PLCCO crystal growth. We are indebted to
M. Ishikuro of the Institute for Materials Research (IMR),
Tohoku University, Japan, for his help in the ICP analysis.
We are also grateful to A. Haneda of the Technical Divi-
sion, School of Engineering, Tohoku University, Japan, for
her aid in the SEM measurements. The high magnetic field
experiments were supported by the High Field Laboratory for
Superconducting Materials (HFLSM), Institute for Materials
Research, Tohoku University, Japan. This work was carried
out at ’Exploratory Research Program for Young Scientists
in the Graduate School of Engineering, Tohoku University’,
Japan.
1) G. M. Luke, L. P. Le, B. J. Sternlieb, Y. J. Uemura, J. H. Brewer, R.
Kadono, R. F. Kiefl, S. R. Kreitzman, T. M. Riseman, C. E. Stronach,
M. R. Davis, S. Uchida, H. Takagi, Y. Tokura, Y. Hidaka, T. Murakami,
J. Gopalakrishnan, A. W. Sleight, M. A. Subramanian, E. A. Early, J. T.
Markert, M. B. Maple, and C. L. Seaman: Phys. Rev. B 42 (1990) 7981.
2) X. Q. Xu, S. N. Mao, W. Jiang, J. L. Peng, and R. L. Greene: Phys. Rev.
B 53 (1996) 871.
3) H. J. Kang, P. Dai, B. J. Campbell, P. J. Chupas, S. Rosenkranz, P. L.
Lee, Q. Huang, S. Li, S. Komiya, and Y. Ando: Nature Mat. 6 (2007)
224.
4) O. Matsumoto, A. Utsuki, A. Tsukada, H. Yamamoto, T. Manabe, and
M. Naito: Physica C 469 (2009) 924.
5) M. Brinkmann, T. Rex, H. Bach, and K. Westerholt: Phys. Rev. Lett. 74
(1995) 4927.
6) S. Massidda, N. Hamada, J. Yu, and A. J. Freeman: Physica C 157
(1989) 571.
7) H. Yokoyama, M. Ogata, and Y. Tanaka: J. Phys. Soc. Jpn. 75 (2006)
114706.
8) C. Weber, K. Haule, and G. Kotliar: Nature Phys. 6 (2010) 574.
9) Y. Onose, Y. Taguchi, K. Ishizaka, and Y. Tokura: Phys. Rev. B 69 (2004)
024504.
10) T. Sekitani, M. Naito, and N. Miura: Phys. Rev. B 67 (2003) 174503.
11) Y. Koike, A. Kakimoto, M. Mochida, H. Sato, T. Noji, M. Kato, and Y.
Saito: Jpn. J. Appl. Phys. 31 (1992) 2721.
12) M. Fujita, T. Kubo, S. Kuroshima, T. Uefuji, K. Kawashima, K. Yamada,
J. Phys. Soc. Jpn. Letter Author Name 5
I. Watanabe, and K. Nagamine: Phys. Rev. B 67 (2003) 014514.
13) Risdiana, T. Adachi, N. Oki, Y. Koike, T. Suzuki, and I. Watanabe: Phys.
Rev. B 82 (2010) 014506.
14) X. F. Sun, Y. Kurita, T. Suzuki, S. Komiya, and Y. Ando: Phys. Rev. Lett.
92 (2004) 047001.
15) H. Fukuyama, and K. Yosida: J. Phys. Soc. Jpn. 46 (1979) 102.
16) M. Naito, O. Matsumoto, A. Utsuki, A. Tsukada, H. Yamamoto, and T.
Manabe: J. Phys.: Conf. Series 108 (2008) 012037.
17) Depending on the bonding state of the excess oxygen, one hole may
be produced by one excess oxygen in the CuO2 plane. In this case, the
doped hole resides in UHB of Cu3d3z2−r2 or the O2p band, giving rise
to Cu3d3z2−r2 free spins and bringing about the Kondo effect.
18) T. Sekitani, M. Naito, N. Miura, and K. Uchida: J. Phys. Chem. Solids
63 (2002) 1089.
19) Y. Dagan, M. M. Qazilbash, C. P. Hill, V. N. Kulkarni, and R. L. Greene:
Phys. Rev. Lett. 92 (2004) 167001.
